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I. 
The frequency of heart beat as function of temperature has been 
determined in a number of animals.  It has been abundantly demon- 
strated that in a  qualitative sense the Q10 ratios are of the order of 
magnitude  found  in  connection with  chemical reactions,  and  that 
within  the  range  of  non-destructive  temperatures  the  Q10  ratios 
typically decrease as  the  temperature rises.  Beyond this,  little  or 
no analysis has been made.  It has been pointed out (Crozier, 1924- 
25, a) that the equation of Arrhenius (1889), with its modern theoretic 
underpinning, may with profit be applied to vital phenomena.  Such 
application was in  a  very general way made by Arrhenius  himself 
(1915) and in sporadic instances has been urged by others (e.g., Dhar, 
1920; Matisse, 1921).  But we are not so much interested in the mere 
application of an equation which describes the course of such data, 
as we are in the specific values of the thermal constant which it yields. 
Systematic use of this relationship for the synthesis of varied data has 
been  illustrated in the case of respiratory oxidations (Crozier, 1924- 
25,  b),  and  by  means  of a  number of processes among arthropods in 
which the rate of central nervous discharge as influenced by tempera- 
ture  is  probably a  controlling factor; the latter provide concordant 
values of the constant ('temperature characteristic) v  =  12,200 calories 
(Crozier, 1924-25,  a). 
The validity of such synthesis, and its empirical justification as a 
method of functional analysis, may be further tested in the case of 
the heart rhythm.  It was especially desired to complete a survey of 
heart beat frequencies as affected by temperature in order to discover 
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if in different phyla of animals the limiting mechanisms for frequency 
of heart rhythm should not turn out to be detectably different; or if in 
a  given  organism  this  mechanism might  not vary under  different 
circumstances.  For this purpose we have measured with great care 
the heart beat frequency of the silkworm, and have critically examined 
previously published  observations pertaining  to  the  heart  rates  of 
vertebrates and invertebrates.  It is intended subsequently to discuss 
this earlier material in detail.  A fairly complete bibliographic survey 
is given in the monograph by Kanitz  (1915),  and the literature has 
been more recently summarized by Przibram (1923); to these books 
reference is made for older citations. 
II. 
The pulsating heart of the silkworm is clearly visible through the 
whitish  translucent  dorsal  integument of  the  abdomen.  We  have 
employed full grown larva~, within 2 days of the onset of  pupation. 
The caterpillars were derived from a  single mass of eggs, and were 
grown in the laboratory in large glass dishes.  1  There is considerable 
uniformity of the heart rate  at  constant temperature;  undoubtedly 
this is due not merely to the common conditions of development for 
the different individuals, but in large measure to the relatively homo- 
geneous character  of  a  population of  these  highly inbred  animals. 
In the latter respect the silkworm is particularly suitable as experi- 
mental material,  for  genetic uniformity of individuals must be  ex- 
pected to eliminate some sources of irregularity (cf.  Crozier and Hubbs, 
1924). 
The larva~ were studied singly, the heart beat being timed while the 
animal was quietly feeding.  Movements, aside from those of respira- 
tion and of the head and jaws in chewing, were practically absent. 
In cases where a  momentary peristaltic body  movement appeared, 
the  reading  was  disregarded.  At  15-13°C.  the  feeding  motions 
ceased, rather abruptly, but the animals remained straight and quiet. 
1 The convenience of .Bombyx larwe  as  material for  experimental work was 
brought to our notice by Dr. R. W. Glaser, of The Rockefeller Institute for Medical 
Research, Princeton, New Jersey, in connection  with another matter.  Our thanks 
are due Dr. Glaser for this suggestion, and for a supply of silkworm eggs.  We are 
grateful to Mr. F. L. Campbell for his help in the care and feeding of the larva. W.  J,  CROZIER  AND  H.  ]~EDERIGHI  567 
From nine to twenty beats were timed by watching the penultimate 
segment in which the heart is most distinct. 
Temperature  was  controlled  by  immersing  a  beaker  containing 
caterpillar and mulberry leaf in a large vessel of water maintained at 
the  desired temperature.  In  a  few cases  temperature higher  than 
that of the room was obtained in the air bath by using the radiant 
heat of an electric warmer.  The beaker holding the larva~ was closed 
by a plate of cork.  The temperature in the immediate vicinity of the 
larvae was taken with a  thermometer reading to  0.01°C.;  correction 
was made for the temperature of the exposed stem. 
Constancy of body temperature was assured by allowing at least 
10 minutes for thermal adjustment to each new temperature.  Before 
5  minutes  at  a  new  temperature the heart rate becomes constant. 
When cooled below 9 °  departures from the chief line of Fig.  1  are 
evident after half  an hour  (or  sooner); systole may be incomplete, 
and the rate then relatively high.  On warming to  12-13  °  after half 
an hour spent at 5 ° or 6 °  the heart frequency is only slowly brought 
back to that normal for the higher temperature.  Hysteresis of this 
sort is also the result of exposure to temperatures above 38°C.; it is 
not an uncommon phenomenon, and perhaps signifies physical altera- 
tion of the protoplasm which is only slowly reversible (of. Loeb and 
Ewaid,  1911).  The measurements below 9 ° were made within half 
an  hour  of  the larva's  first  being  cooled  from room  temperature; 
observations made in this way are consistently reproducible. 
The results with five individuals are given in Fig. 1; the logarithm 
of the heart rate (i.e., 1 divided by time for one beat) is plotted against 
the reciprocal of  the  absolute  temperature.  Each plotted point  is 
the mean of three or more closely concordant measurements. 
III. 
The  slope  of the line  ~ in Fig.  1  gives the value of the  constant 
in the equation 
('  ')  K~  ~  ~- 
Ka 
2 It has been found by trial that in fitting data of the type plotted, as good an 
adjustment can be made by eye as can be made by least squares.  And in fact, 
as ordinarily employed, the least squares procedure would require the assumption 
that the temperature measurements were devoid of variation (of. Uhler, 1923). 568  HEART  RHYTHM  OF  SILKWORM 
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FzG. 1.  Frequency of the heart beat in mature Bombyx larvae of uniform  ante- 
cedents and history.  Each plotted point is the mean of a  series of observations, 
the different individuals being distinguished by symbols.  In the  region  15-13°C. 
the frequency of pulsation is accelerated after a time, hence the irregularity in the 
curve.  The readings for the lowest portion of the graph were obtained within the 
first 20 minutes exposure to the low temperature. 
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FIG. 2.  Extreme variates in determinations of pulsation frequency of the hearts 
of three individuals. W.  J.  CROZIER  AND  H.  I~EDERIGHI  569 
K2 and K~ being measures of the velocity of the controlling process 
(i.e. of the heart beat frequency) at the respective temperatures.  In 
this instance ~  =  12,200  calories. 
It will be noticed (Fig. 1) that the variation of the mean results at 
any temperature is confined within definite limits  These ]imits  are 
4-  11.1 per cent of the mean.  The character of this variation is im- 
portant for the understanding of heart rate data.  Fig. 2 contains a 
plot similar to that in Fig.  1, but giving the extreme high  and  the 
extreme low rates observed in consecutive series of observations with 
three individuals.  The extent of fluctuation at constant temperature 
is less for each single individual than for the group, even though the 
different individuals are unusually similar in history and in  funda- 
mental  (genetic)  composition.  This  is  adequate  proof  that  the 
observed variation is real, organic, and not mere experimental error. 
The importance of this fact is realized when one attempts to analyze 
published data on heart frequencies.  The confusion is often increased 
by the circumstance that on either side of a  particular temperature 
the curve relating frequency to temperature may be totally different 
(cf.  Crozier,  1924-25,  a,  b).  For these reasons it is obviously  quite 
insufficient to study merely the average frequency at each of several 
temperatures; it is necessary to know the frequencies at short intervals 
of temperature and also the law and extent of variation at constant 
temperature.  The range of variation indicated in Fig. 2 is of slightly 
greater magnitude (4-  11.8 per cent of the mean) than that derived 
from the means of series of observations  (Fig.  1),  as statistically it 
should be.  The information derived from Figs. 1 and 2 permits us to 
take the observations upon heart frequency in the silkworm as, in a 
way,  a  standard  of comparison  for similar but  on  the whole more 
fragmentary data pertaining to other animals. 
IV. 
The  frequency of heart  pulsation  of  the  silkworm  is  controlled 
by  a  reaction  having  critical  increment  =  12,200  calories.  The 
variation  of pulsation rate  at  any temperature is  at  most  4-  11.8 
per cent of the mean for that temperature, in the homogeneous group 
of individuals studied.  This figure may be taken to give the limits of 570  HEART  RHYTHM OF  SILKWORM 
fluctuation in the effective concentration of the catalyst for the govern- 
ing reaction. 
An identical value of the temperature characteristic has previously 
been  obtained  for  diverse phenomena,  among  arthropods,  in  which 
the  rate  of  activity  of  central  neurone  groups  is believed to be the 
determining  factor  (Crozier,  1924-25,  a).  An analogous mechanism 
presumably determines  the  contraction  of the aliary musculature  of 
the dorsal diaphragm  of the silkworm, and hence the frequency of the 
heart  beat.  The  concordance  of  the  values  of  the  temperature 
characteristics  for  these  homologous  activities  strengthens  the  view 
that vital processes may submit to rational  classification in this way. 
SUMMARY. 
The  critical  thermal  increment  for  the  reaction  controlling  the 
frequency of  the heart  beat in mature  silkworms  is  12,200  calories. 
This determination agrees quantitatively with the increment deduced 
for other activities of arthropods in which the rate of central nervous 
discharge is believed to be the controlling  element. 
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